Fine particles of ZnFe 2 O 4 were synthesized by a wet chemical method in the (80 wt. % Fe 2 O 3 + 20 wt. % ZnO) system. The morphological and structural properties of the mixed system were investigated by scanning electron microscopy, X-ray diffraction, inductively coupled plasma atomic emission, and X-ray photoelectron spectroscopy. The major phase was determined to be the ZnFe 2 O 4 spinel with particle size of 11 nm. The magnetic properties of the material were investigated by ferromagnetic resonance (FMR) in the temperature range from liquid helium to room temperature. A very intense, asymmetric FMR signal from ZnFe 2 O 4 nanoparticles was recorded, which has been analyzed in terms of two Callen-lineshape lines. 
Introduction
Zinc ferrite ZnFe 2 O 4 (ZFO) belongs to one of the most important iron oxides with very interesting magnetic properties, which are intensively investigated from theoretical and experimental points of view [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Bulk magnetic ordering occurs at low temperatures with a critical point that depends strongly on the ZFO preparation conditions. The structure of spinel ferrites is constructed by filling one-eighth of the tetrahedral sites (A) and half of the octahedral sites (B) within the oxygen sublattice. A normal spinel corresponds to the structure with all the A sites being occupied by divalent cations (Zn(II)) and the B sites by trivalent cations (Fe(III)). In the inverse-spinel structure, the Zn(II) ions occupy half of the B sites, while the other half, as well as all the A sites, are occupied by Fe(III) ions. The bulk ZFO behaves as antiferromagnetic with a Neel temperature T N = 10.5 K, as a consequence of the antiferromagnetic superexchange interaction between Fe cations. In contrast, ZFO in the nanometric range exhibits ferromagnetic behavior below a blocking temperature T B , as it has a mixed spinel structure in which both Zn(II) and Fe(III) cations are distributed along the A and B sites [3, 4, 6] . The interaction between Fe(III) located in A and B sites is stronger due to more effective overlap of the orbitals involved in the superexchange Fe-O-Fe pathway.
The growth of fine particles composed by (Fe 2 O 3 )/(1 − )ZnO ( =0.05 to 0.95) was recently reported using two different methods [13, 14] . The coexistence of the three main phases γ-Fe 2 O 3 , ZnO, and ZFO was identified in these materials, with the concentration of ZFO depending on the composition index . Ferromagnetic resonance (FMR) measurements have further revealed a strong dependence on the ZFO phase concentration, especially in regard to the relaxation processes. The temperature dependence of the FMR spectra for samples with > 0 9 has shown that the magnetic response is dominated by γ-Fe 2 O 3 magnetic nanoparticles with strong magnetic anisotropy, with no essential contribution from the ZFO ferrite 1 .
Dynamic magnetic properties of ZnO nanocrystals incorporating Fe, Mn, and Co ions in a wide range of magnetic dopant concentrations have been studied recently [16, 17] . For ZnO samples doped with a low content of Fe 2 O 3 , the results of low-field ac susceptibility, were satisfactorily explained by the superparamagnetic model, including inter-particle interactionsv [16] . With the increase of the magnetic Fe 2 O 3 content the spin-glasslike behaviour was observed (for Fe 2 O 3 wt. %>30%) [16] .
The aim of this work is to study the magnetic properties of zinc-ferrite magnetic nanoparticles synthesized by a wet chemical method in the (80 wt. % Fe 2 O 3 + 20 wt. % ZnO) system using the FMR technique. The morphology and phase composition of the powders will be identified by scanning electron microscopy; X-ray diffraction (XRD); inductively coupled plasma atomic emission (ICP-AES); and X-ray photoelectron spectroscopy (XPS). The registered FMR spectra in 4−290 K range will be analysed to reveal the presence of different types of magnetic nanoparticles. The FMR results will be discussed in relation to the previously published studies on similar nanosystems.
Experimental
The investigated samples were synthesized using the wet chemistry method. A mixture of zinc and iron hydroxides was obtained by adding a 26% ammonia solution to a 20% solution of zinc nitrate (V) hexahydrate and iron (III) nitrate (V) nonahydrate. The obtained residue was filtered, dried, and calcined at 573 K for 1 hour. The preparation method is described in detail elsewhere [13] .
The samples were characterized by several methods. Xray diffraction measurements were conducted using an X'Pert X-ray powder diffractometer with CuK α radiation (1.54056Å). The mean crystallite size (MCS) was calculated on the basis of Scherrer's formula. The raw data was processed using X'Pert Highscore software. The morphology of the samples was investigated by scanning electron microscopy (SEM) (LEO 1530). The real chemical composition of samples was determined using inductively coupled plasma atomic emission spectroscopy ICP-AES (Yvon-Jobin, France) and X-ray photoelectron spectroscopy (Prevac, Poland). The specific surface area of the nanopowders was determined by the BET method (nitrogen adsorption) using Gemini 2360 of Micromeritics. The helium pycnometer AccuPyc 1330 of Micromeritics was applied to determine the density of powders.
Magnetic resonance measurements were performed on a conventional X-band (ν = 9.4 GHz) Bruker E 500 spectrometer with 100 kHz magnetic field modulation. Samples containing around 20 mg of nanopowder were placed in 4-mm diameter quartz tubes. The temperature measurements of FMR spectra were performed in the temperature range of 4−290 K using an Oxford helium-flow cryostat.
Results and discussion
The application of high temperatures in the synthesis of oxides by co-precipitation/calcination is the main reason for grain agglomeration. To avoid this process, a low calcination temperature of 300
• C was used. measurements, together with the sample chemical composition, determined by ICP-AES measurements. The obtained values are in perfect agreement with the nominal ones, calculated from the initial concentration of the precursor salts. XRD analysis has shown the presence of a single spinel phase arising from ZFO ( Fig. 1) , as previously identified in our paper [17] . All peaks identified in the XRD pattern correspond to this phase. No peaks corresponding to iron oxide can be observed, indicating that the spinel ZFO is not stoichiometric, or the amount of the iron oxide phase is too low to be detected by the XRD method. However, the presence of small amounts of the γ-Fe 2 O 3 phase that crystallizes in the cubic spinel phase, with -spacing very close to that of ZFO, cannot be excluded. This is because the content of iron oxide in the samples is higher than the stoichiometric amount necessary to form zinc ferrite (80.3 wt. % of Fe 2 O 3 in the samples and 66.4 wt. % in the case of the stoichiometric zinc ferrite). XRD results are corroborated by XPS analysis. The Zn 2p peak at 1021.6 eV and the Fe 2p peak at 711.4 (see Fig. 2 ) are in very good agreement with the positions reported for ZFO in [18] . The mean size of the ZFO crystallites, calculated by the Scherrer formula, was found to be 11 nm. SEM images reveal the agglomerated structure of the synthesized material (see Fig. 3 ). We assume that the small spheroidal crystals correspond to the ZFO spinel. Agglomerates are about 60 nm and are bound to each other, creating large structures. The powder exhibits homogenous structure, with a narrow distribution of agglomerates' sizes. is dominated by a single, intense, broad and asymmetrical line. The apparent amplitude of the line decreases with temperature decrease from room temperature (RT). The line shifts towards lower magnetic fields, and its linewidth increases. The temperature dependence of these apparent FMR parameters is presented in Fig. 5 . The apparent resonance field is defined as the magnetic field at which the first derivative absorption line changes sign, and the apparent linewidth is the doubled magnetic field difference between the resonance field and the magnetic field at which the derivative reaches a minimum. As can be seen in Fig. 3 , the apparent resonance field decreases with decrease in temperature, but this change increases significantly below 40 K. An apparent linewidth increases with temperature decrease from RT in the whole investigated temperature range, but that change seems to be particularly strong in the 16−8 K range. Both the apparent resonance field and linewidth temperature dependencies are typical of observations earlier in similar nanoparticles systems in the superparamagnetic phase. The blocking temperature appears to be below 50 K. In a wide temperature range 50−290 K, the FMR spectrum of ZFO nanoparticles displays typical features of the superparamagnetic phase. In Fig. 3 the temperature dependence of an apparent integrated intensity is presented. An apparent integrated intensity is defined as the product of the apparent amplitude and the square of the apparent linewidth. It is expected to be proportional to the magnetic susceptibility of an investigated system at the microwave frequency.
As can be seen in Fig. 3 , the temperature dependence of an apparent integrated intensity has a rather complicated character -two maxima could be distinguished-one at 210 K and the other at 26 K. It follows that the registered magnetic resonance response of our sample could not be attributed to a single magnetic entity.
This conclusion is supported by the fact that not a single line of any lineshape appropriate for nanoparticles could be satisfactory fitted to the registered FMR spectrum. In the case of magnetic nanoparticles in the superparamagnetic phase, several different lineshapes have been considered [19] . Taking into account the lineshapes of ZFO at the lowest temperatures, and in particular the observed non-zero absorption at zero magnetic field, only the Callen lineshape seems appropriate. The Callen lineshape follows from the Callen equation containing two damping terms [19] . The first damping term coincides with the damping term in the Landau-Lifshitz equation, while the second with the Bloch-Bloembergen one. The following equation for the Callen lineshape is obtained in case of the linear polarization of the microwave field and for a (1) where B is the true resonance field, ∆ B is the true linewidth connected with relaxation of the Landau-Lifshitz three different temperatures is presented. In general the fitting is satisfactory and is better at middle and higher temperatures (for T > 20 K). Perfect fitting is not to be expected considering the spread of magnetic and structural anisotropies of the investigated nanoparticles. Thus description of the magnetic resonance spectra of ZFO nanoparticles in terms of only two component lines should be treated as a very rough approximation of the real situation.
In Fig. 7 amplitudes A of the FMR absorption signals in the derivative forms for both components is shown in Fig. 7(a) . There is a strong difference in thermal behavior between amplitudes of both components. Two temperature ranges could be recognized-a high temperature range (T > 40 K) and a low temperature range (T < 40 K), differing in signs and values of the ∆A/∆T rate of change. Also the resonance field of both components varies with temperature differently (see Fig. 7(b) ). Resonance field changes of component 1 are rather smooth and only two temperature ranges could be easily established. In the low-temperature range the temperature change of the resonance field of component 1 is systematic and appreciable, while for component 2 the change is erratic. As far as the temperature dependence of linewidth is concerned (see Fig. 7(c) ), one has to consider the existence of two linewidths for each component. For component 1 only one linewidth is sufficient for T > 20 K, because δ B is zero in the high-temperature range. In contrast, linewidth δ B is non-zero in the whole investigated temperature range for the component 2, and its value is appreciable in the intermediate 30−100 K range. There is also a significantly different temperature dependence of the integrated intensity for both components (see Fig. 7(d) ). The integrated intensity for each component is calculated as
. For component 1 the integrated intensity increases as temperature decreases from RT and reaches a maximum at 30 K, followed by a decrease on further cooling. At the lowest temperatures an increase of the integrated intensity is registered. For component 2, quite different behavior of the integrated intensity is observed. In the high-temperature range, a shallow maximum is reached at 210 K, followed by a decrease of the integrated intensity on further temperature decrease. In the low temperature range (T < 30 K) a steep increase of the integrated intensity on cooling is observed for component 2.
Component 1 of the observed FMR line could be attributed to ZFO ferromagnetic nanoparticles, with the blocking temperature T B ≈ 25 K determined from the peak of the integrated intensity. Above that temperature ZFO, nanoparticles show superparamagnetic behavior, the thermal energy is higher than the anisotropy energy, and the spins thermally fluctuate between their easy axes of magnetization. This leads to the observed narrowing of the resonance line and an internal magnetic field averaging out to zero with temperature increase. The value of T B for ferrite nanoparticles depends on the particle sizes, synthesis conditions, and applied magnetic field [20, 21] . For ZFO nanoparticles with a mean size of ∼11 nm, the reported values of T B were in a wide 21−150 K temperature range [21] [22] [23] . An important factor in determining the value of a blocking temperature is an inversion parameter, which is the relative fraction of Fe ions at A sites. Since the value of T B for component 1 is close to the lower limit of the reported values, it could be assumed that the inversion parameter is small, as is the randomness of cationic distribution.
For component 2 the situations seems to be quite different. The core-shell model was successful describing the magnetic properties of nanosized ferrites [24] . Magnetic ions placed at the particle shell are responsible for spinglass-like behavior displayed by many nanoferrites. Surface spins are supposed to be in a disordered state, due to disorder and broken bonds. In the case of ZFO nanoparticles, the key factor is the presence of non-magnetic zinc ions at B sites. They interrupt superexchange paths and bring about loosely connected magnetic clusters [22] . The presence of such clusters is evidenced by the maximum in integrated intensity of component 2 in the high temperature range (see Fig. 7(d) ). Antiferromagnetic clusters with a non-magnetic ground state and the excited magnetic states laying ∼300 K above the ground state should produce the observed maximum at ∼210 K. At lower temperatures, for T < 80 K, the integrated intensity for component 2 starts slowly to increase with temperature decrease, and below ∼30 K that increase is significant. The increase of integrated intensity with temperature decrease could be modeled by the presence of two components: a ferromagnetic component, from the redistribution of Fe around A and B sites, and a surface spin canting component from a large fraction of surface ions [21] . On the other hand, the large change of the integrated intensity registered for T¡30 K could be modeled by the presence of yet another component -antiferromagnetic nanoparticles, which starts to dominate in the low temperature range [21] . Thus the FMR spectrum of component 2-in contrast to component 1-is produced not by one, but by various magnetic entities created by surface modifications of the ZFO nanoparticles.
Conclusions
Fine particles of ZFO were synthesized by a wet chemical method from a composite system (80 wt. % Fe 2 O 3 + 20 wt. % ZnO). XRD and XPS analyses identified the formation of a major spinel cubic phase of ZFO with particle size of 11 nm. FMR measurements revealed the presence of a magnetic multiphase system. The FMR response was modeled by two Callen lineshape components, and the temperature dependence of the FMR parameters was studied in the 4−290 K range. One component was attributed to the ferromagnetic nanoparticles with a blocking temperature of ∼25 K, having a small value of the inversion parameter. The other component is produced by nanoparticles with larger inversion parameters and with a more reconstructed surface, generating various defective magnetic phases. They are responsible for the observed spin-glass-like behavior.
